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Abstract 
Travelling by air had become a popular and an important way for people. The air distribution in aircraft cabin, especially the 
evolution of instantaneous flow field, was crucial for determining the disease transmission and thermal comfort. However, the 
instantaneous characteristics of flow field in aircraft cabin was seldom reported and analysed by researchers. In this paper, the 
Renormalization Group (RNG) k-ε model, V2f model, large-eddy simulation (LES) and detached-eddy-simulation (DES) model 
were used to investigate the instantaneous characteristics of flow field in B737-200 cabin model. The stability of these flow fields 
were analysed and qualitatively compared with the PIV experimental results which showed high unsteadiness and unstability. 
Though the RNG k-ε model and V2f model obtained stable flow fields with very low computing time afforded, they couldn’t 
capture the unstable characteristics of flow field. The LES, with high cost which was difficult to accept, and the DES, with 
appropriate computing time afforded, revealed the strong unsteady characteristics and high asymmetry of the flow fields in the 
aircraft cabin. The simulated result with LES could be used to adjust the RANS simulations for widely used in engineering 
design of aircraft cabin. The DES model also was a promising model with appropriate computing time afforded. 
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1. Introduction 
These years, travelling by air had become one of the most popular and important ways for people. Reports 
showed that various air contaminants or infectious diseases could exist and spread in cabin during flight and before 
or after flight [1,2,3]. The evolution of instantaneous flow field in aircraft cabin played an important role to restrict 
the transport of various airborne pathogens, improve the travelling comfort and decrease complains about the air 
quality in cabin environment. Because flow characteristics in cabin was very complex and influences of various 
perturbations in experiment on stability of flow field were uncertain, experimental researches were very expensive, 
time consuming and difficult. Obtained reliable experimental results were mainly used as time-averaged air 
distribution to validate numerical simulations. Though main objectives of previous investigations by experiments 
were not the evolution of instantaneous flow field, it showed that flow fields in cabins were highly unsteady or 
unstable. Lin et al. [4,5] found that the overall flow pattern in experiment was not symmetrical with respect to the 
cabin cross section even though the geometry and boundary conditions were symmetrical. Liu et al. [6] also 
proposed that it should be measured for at least 4 min to obtain an accurate averaged velocity and turbulence 
information due to the instability of airflow. Cao et al. [7] also pointed out that the flow fields in aircraft cabin were 
highly unsteady or even unstable in experiments, but there was not depth analysis 
As developing of computer technique, the Computational Fluid Dynamics (CFD), especially the Reynolds 
Averaged Navier-Stokes equation (RANS) models, were becoming a more practical and timesaving approach to 
investigate the flow field [4,5,8,9]. The RNG k-ε model [10] and V2f model [11] were usually recommended to 
simulate the time averaged air distribution [12]. LES had been widely used to simulate flow field in aircraft cabin 
with capability of available computing resource [4,5,9,12,13,14]. The LES was considered to be a more universal 
simulation method and it could provide more detailed and more accurate information than RANS models [9,12,14]. 
Besides RANS models and LES, the DES [15, 16, 17], an unsteady turbulence modeling technique of hybrid 
RANS/LES model, had also been widely used to predict air distribution in closed environment [17]. DES was 
considered to be a promising model with appropriate computing time afforded. 
Though various truculence models were evaluated and used to investigate the air distribution in cabin or closed 
environment by many investigators [9,12,13,14], most of their foci were not on the evolution of instantaneous flow 
field. Numerical simulations on instantaneous characteristics of flow field in cabin were seldom reported. With 
transient RNG k-ε model simulation in B767-300 cabin model, Lin et al. [4] had observed swing motions across the 
symmetric plane and pointed out that this asymmetrical flow pattern was result of inherent unsteadiness. But their 
computing time period of only about 15 seconds was not enough and mechanization analysis was also not conducted. 
Lin et al. [5] also revealed the unsteady characteristic of airflow quantitatively by comparing temporal variation of 
velocity components of LES and experiment. Due to limitation of available computational resource, half of twin-
aisle model without chair and heated manikin was used to simulate flow field. The plumes produced by heated 
manikins, which were important perturbations for the study of stability of flow field in cabin, were not considered. 
These simplifications might have great influences on topological character of flow fields. 
Therefore, in our study, the evolution of instantaneous flow field in aircraft cabin model with fully occupied 
heated manikins was simulated with four turbulence models: RNG k-ε model, V2f model LES and DES. The 
measured flow field by PIV was also obtained. As the complex flow characteristics in cabin and the uncertain 
influences of various perturbations in experiment or simulations on stability of flow fields, the simulated results were 
used to qualitatively compare with the corresponding PIV result. At last, the experimental result and simulated 
results were evaluated by the structural satiability theory. 
2. Methods 
In our study, the B737-200 was chosen as the representative airplane cabin for the PIV experiment and numerical 
simulations. A geometrical feature of B737-200 cabin, including the inlets, outlets, chairs and detailed profile of the 
manikins, were modeled. There were seven rows with 42 real passenger seats and 40 occupied heated manikins in 
our PIV experiment. The aircraft cabin model had inlets mounted at luggage compartment level, supplying fresh air 
with constant temperature, 292.15K. The air was exhausted from the outlets on both side walls at floor level. 
Detailed information about our PIV experiment could be found in the paper of Cao et al. [7] Considering the 
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computer capacity and the requirement of identical model used for the turbulence models to eliminate perturbations 
of grids, the fourth row of the chamber was modeled for our simulation and a periodic boundary condition was used 
along the longitudinal direction to represent a cabin with infinite rows of seats. The layout of cabin model used for 
numerical simulations were shown in Fig. 1.  
 
          
Fig. 1. Layout of B737-200 cabin. The typical surface 1 (TS1) and typical surface 2 (TS2) were the cross sections of the manikins' legs and 
manikins' bodies, respectively, in fourth row. The size of rectangle measured region (RMS) of PIV was 975, mm650 mm within TS1. 
     
Fig. 2. Distribution of cells on surfaces of manikins and chair for LES simulation. 
CATIA V5R20 was used to improve and smooth geometry surfaces. Gaps between manikins and chairs were 
filled up and the small curve surfaces of the manikins were combined and smoothed. In order to mesh the area 
around manikins and chairs easily and preserve the geometric fidelity of the manikins, the contact surfaces between 
chairs and manikins were removed. So the superficial area of each manikin model used for numerical simulations 
was 1.195m2, smaller than the heated manikin used for PIV experiments, 1.339m2. This was a compromise and we 
thought the geometric fidelity of the manikins and high-quality meshes were more important. Moreover, the inlets of 
cabin were simplified properly. In the experiment, there were 766 linear slots, which were divided into 7 inlets, 
mounted at one of the two sides of cabin and each slot was 50 mm long and 3.5 mm wide. The large difference in the 
scale between the slot and the room size, ranging in magnitude from millimeter to meter, increased great difficulty to 
model and mesh the cabin. Considering the main objective of this paper was to investigate the satiability of the flow 
field, not to qualitatively validate with experimental results, hundreds of slots of one inlet was simplified as one 
large rectangle inlet with the size of 50 mm long and 787.5 mm wide. The incoming airflow was set at a velocity 
components magnitude of Vx=1.45m/s, Vy=0.42m/s and Vz=0 m/s.  
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ANSYS ICEM 14.0 was used to generate unstructured tetrahedron cells for CFD simulations. The plume 
produced by heated manikins was one of the most important sources of stochastic perturbations. 19 layers of 
extruded triangular prisms were created at surfaces of all manikins with an initial height of 0.2mm and a growth rate 
of 1.13 between layers to obtain accurate prediction of the wall boundary layers around heated manikins (Fig. 2). 
Assume turbulent flow in cabin was isotropic, the energy containing scale, 3/2 /N H , was larger than 20mm except for 
the wall boundary layers. For this single row B737-200 model with an inlet Reynolds number (Rei) of 5172, the 
mesh size on the order of (Rei) 9/4, i.e., 22.6 million cells was needed to conduct an LES. In our study, a refined 
cells with the total number 25 million were built for our simulations with RNG k-ε model, V2f model, LES and DES 
model. The maximum and minimum cell sizes were 20mm and 0.2mm. Besides, the total numbers 3.7 and 7.64 
million cells with prism were also built for the RANS simulations. 
Table 1. Boundary conditions of RNG k-ε model, V2f model and LES. 
RNG k-ε, V2f and LES model Boundary conditions 
Manikins 
Heads Fixed surface temperature: 301.80K 
Chests Fixed surface temperature: 304.28K 
Abdomens Fixed surface temperature: 306.22K 
Thighs Fixed surface temperature: 307.24K 
Legs Fixed surface temperature: 305.20K 
Inlets 
Velocity Inlet: Vx=1.45m/s; Vy=0.42m/s;Vz=0m/s 
Fixed air temperature: 292.15K 
Outlets Outflow 
Front and Back Periodic boundary conditions 
Others Heat Flux: 0 W/m2, no slip 
 
   
  
 
Fig. 3. Grid independence test with RNG k-ε model. (a) was middle position of  manikin 1 and manikin 2 in TS2.  
(b) was middle position of  manikin 2 and manikin 3 in TS2. 
a2 a1 
b2 b1 
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ANSYS FLUENT 14.0 was used to simulate the flow fields with RNG k-ε model, V2f model, LES and DES. 
Steady RNG k-ε model simulation was conducted firstly to obtain an initial solution for the transient simulations 
with RNG k-ε model, V2f model, LES and DES model. Table 1 showed the boundary conditions for simulations 
used in this paper. Gravity was activated and the Boussinesq approximation with the air density was assumed to be 
constant was adopted to simulate the buoyancy effect. When the sum of the normalized residuals for all cells were 
less than 10-6 for energy and 10-3 for all other variables the solution were considered to be converged. The case was 
computed in a two-node Windows cluster. Each node of the cluster had sixteen processors (2.9 GHz Intel 64) and 64 
GB of memory. The time step was set as 0.01s, smaller than Kolmogorov time scale, 0.04. 
For RANS model, RNG k-ε model and V2f model were usually recommended in study of flow fields in cabin or 
closed environment. For RNG k-ε model and V2f model, the SIMPLEC algorithm was employed to couple the 
pressure and velocity equations. Body force weighted scheme was adopted for pressure discretization. The first-
order schemes for all the other variables were adopted to get an initial flow fields with less computing time and then 
second-order upwind were used to get the final simulated results. Because the enhanced wall treatment allowed a 
consistent mesh refinement without a deterioration of the results, it was activated to link the solution variables at the 
near-wall cells and the corresponding quantities near the wall. The Viscous Heating and Full Buoyancy Effects 
options were used.  
Liu et al. [9] found that when second-order scheme was tried for simulations with RNG k-ε model, the 
calculation could not converge. In our grid independence test with RNG k-ε model, similar situations were also 
found. As shown in Fig. 3, though variations velocity and temperature distributions obtained after long time period 
of simulations were not very large, the numerical simulations with total numbers 3.7 and 7.64 million grids could 
not converge. While the simulations of refined 25 million tetrahedron cells with RNG k-ε model and V2f model 
converged easily. Therefore, in our study, the refined 25 million cells was not only used for the simulation with LES, 
but also used for the simulations with RNG k-ε model and V2f model. For simulation with DES model, as unsteady 
Realizable k-ε model was employed in boundary layer, the total number of 7.64 million cells was used to obtain the 




Fig. 4. The pseudo-swing motion of flow field with RNG k-ε model or V2f model. The legends used in  
other Fig. s were omitted which were the same as that in this Fig. 
Wang and Chen [14] had evaluated eight turbulence models and three LES sub-grid-scale models including LES-
Wall-Adapting Local Eddy-Viscosity (LES-WALE) sub-grid-scale (SGS) Model [18] for transient airflow. It 
showed that LES was the best among eight turbulence models and three LES SGS models had very similar 
performance. In this paper, LES-WALE and realizable k-ε based DES model were also conducted to capture the 
instantaneous information of flow fields in aircraft cabin model. 
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3. Results 
Lin et al. [4] had observed swing motions across the symmetric plane in B767-300 cabin model. As shown in Fig. 
4, though layout of cabin was different, obvious swing motion across symmetric plane around aisle regional was 
also observed in our simulation with transient RNG k-ε model. However, as computing time advancing, swing 
motion was becoming more and more inconspicuous and flow field was developing into a more symmetrical pattern. 
Finally, a symmetrical and stable flow field was obtained. This swing motion was named as pseudo-swing motion 
by us. The more cells used for simulated case, the less computing time period was needed. For example, for cases 
with total numbers 3.7 million and 25 million, the computing time periods to get stable flow fields were about 100 
seconds and 20 seconds, respectively. The final simulated results with RNG k-ε model and V2f model in our cabin 
model were very stable and no swing motion was observed. 
As shown in Fig. 5, though distribution of flow fields with RNG k-ε model and V2f model in TS1 and TS2 were 
not completely identical, both instantaneous flow fields were very stable. No swing motion and asymmetric flow 
pattern were observed.  
Fig. 6 showed the simulated instantaneous flow field with LES-WALE in TS1 and TS2 and the PIV pictures of 
instantaneous flow field in RMS within TS1. Fig. 7 showed the swing motion and asymmetric flow pattern with 
DES model around aisle regional in TS1 and TS2. Even though the geometry and boundary conditions in cabin 
model were fixed and symmetrical, the results obtained by the experiment and simulations with LES and DES 
model were obviously unstable. The evolution of instantaneous flow fields in RMS obtained by experiment and 
simulations qualitatively agreed well. 
4. Discussions 
In this paper, the Peixoto theorem were introduced to study the stability of the flow field in B737-200 cabin 
model. A structurally stable system was that the system for which a small perturbation of the vector field did not 
alter the topological character of set of trajectories. Andronov and Pontrjagin [19] and DeBaggis [20] introduced and 
simplified a set of necessary and sufficient conditions for the application of structural stability theory. Peixoto 
[21,22] extended the concept of structural stability and stated the characterization theorem on two-dimensional 
manifolds. The Peixoto theorem had been used in many fields, such as aerodynamics [23]. According to the Peixoto 




Fig. 5.  Simulated flow fields in TS1 and TS2 with RNG k-ε model and V2f model. 
As shown in Fig. 8a, the streamlines around aisle regional were plotted in TS1 and TS2 basing on the flow field 
simulated with RNG k-ε model. There were one saddle point (SP) and two half saddle points (HSPs) in each TS. 
There were also two heteroclinic orbits in each TS and each heteroclinic orbit connected a saddle point and a half 
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saddle point. According to Peixoto theorem, the flow field in cross section of B737-200 cabin model was not a 
structurally stable system. Various small perturbations, such as plumes produced by the heated manikins, numerical 
errors, asymmetric velocities of inlets on two sides of cabin model, and so on, could destroy heteroclinic orbit and 
cause complicated unstability or bifurcation. Then the flow field developed into another new state. If the new state 
did not satisfy Peixoto theorem, the new state would developed into another new-new state, and so on. Until the 
flow field developed into a structurally stable system. 
 
 
Fig. 6. Comparison of instantaneous flow fields with LES and PIV results in aircraft cabin. 
  
 
Fig. 7. The swing motion of flow field in TS1 and TS2 with DES model. 
As shown in Fig. 5. Fig. 6 and Fig. 7, the RANS transient prediction of instantaneous flow field in cabin was so 
drastically different from the prediction with LES and DES model. The simulated results with RNG k-ε model and 
V2f model were very stable unless with strong initial perturbations. However, even though the geometries and 
boundary conditions were fixed and symmetrical with the symmetric plane, the simulated results with LES and DES 
model showed strong unsteadiness and unstability around aisle regional which agreed with the conclusion of the 
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structural stability analysis on flow field in B737-200 cabin model. The swing motion or the obvious lateral air 
movement across symmetric plane in cabin model reveled that various numerical or physical perturbations resulted 
in the flow field producing a series of unstabilities or bifurcations. A structurally stable flow field was not found 
during our more than 80 seconds of numerical simulation with LES and DES model, respectively. These unstable 
simulated results were also validated qualitatively by the obtained instantaneous experimental flow fields by PIV. 
The evolution of instantaneous flow fields in B737-200 cabin model revealed the inherent unsteadiness and 
unstability characterized this type of flow regime and geometry. The simulations with LES and DES could 
effectively simulate this intrinsic unstable properties, while the RNG k-ε model and V2f model restrained the 
unstable property of the flow field in cabin model. 
5. Conclusions 
The main objective of our investigation in this paper was to analyze the stability of instantaneous flow field in 
B737-200 cabin model and evaluate simulated instantaneous results with four turbulence models. The measured 
experimental results by PIV were also used to validate our analysis and simulations. The conclusions were as 
follows: 
1˅The structural stability analysis found that the flow field in B737-200 cabin model was unstable, small 
perturbation could cause a series of complicated unstabilities or bifurcations. The simulations with LES and DES 
model also found this phenomenon and the measured experimental results by PIV validate our analysis and 
simulations. 
2˅The evolution of unstable instantaneous flow field in cabin was the inherent unstability characterized this type 
of flow regime and geometry which was crucial for determining the disease transmission nd improving the thermal 
comfort. 
3˅The RNG k-ε model and V2f model obtained stable flow fields with very low computing time afforded, they 
restrained the unstable property of flow field. The LES, with very high cost, revealed the detailed information of the 
instantaneous flow field in cabin, which could be used to adjust the RANS simulations. The DES model, with 
appropriate computing time afforded, presented strong unstable characteristic and high asymmetry of the flow field. 
The DES was probably to be massively used in engineering design of cabin environment. 
    
      
Fig. 8. (a)One SP and HSPs in each TS. (b) Two heteroclinic orbits existed in each TS and the unstability of flow field with small perturbations. 
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